Recombinant DNA techniques were used to delete regions of a cDNA clone of the phosphoprotein NS gene of vesicular stomatitis virus. The complete NS gene and four mutant 'genes containing internal or terminal deletions were
inserted into a modified pGem4 vector under the transcriptional control of the ph.Age T7 promoter. Run-off transcripts were synthesized and translated in Vitro to provide [35Sjmethionine-labpled complete NS or deletion mutant NS proteins.
Immune coprecipitation assays involving these proteins were developed to map the regions of the NS protfin responsible for binding to the structural viral nucleocapsid protein N and the catalytic RNA polymerase protein L. The data indicate the NS protein is a bivalent protein consisting of two discrete functional domains. Contrary to previous suggestions, the negatively charged amino-terminal half of NS protein binds to L protein, while the carboxyl-t*rminal half of NS protein binds to both soluble recombinant nucleocapsid protein N and viral ribonucleocapsid template.
The negative-strand rhabdoviruses use only three viral proteins to synthesize viral RNAs in an efficient and regulated manner (1) . Biochemical analyses have determined that the NS phosphoprotein of vesicular stomatitis virus (VSV) is absolutely required for viral RNA synthesis, but the exact functions of the 30-kDa NS protein in either replication or transcription have yet to be defined (2) . During transcription, the NS protein in concert with the viral L (large) protein synthesizes a leader RNA and five mRNAs (3) . Although NS protein binds to L protein and is an integral component of the RNA polymerase complex, the 241-kDa L protein is probably the sole catalytic unit of the enzyme and may carry out all the enzymatic steps of transcription, including initiation and elongation of transcripts as well as their modification by capping, methylation, and polyadenylylation (1, 4) . In a similar manner, both NS and L proteins are required for replication of either plus or minus sense RNA but the product is now full-length unmodified genomic RNA. A third protein, the nucleocapsid or N protein is also intimately involved in both replication and transcription since the genomic RNAs must be totally encapsidated by N protein before they can serve as a template for the viral RNA polymerase (5) . Soluble N protein, on the other hand, may regulate the switch from transcription to replication (6) .
Although NS is only a small protein, it appears to perform multiple functions. Each virion contains approximately 50 L molecules, 470 NS molecules, and 1260 N molecules per genome of 11,161 bases (7, 8) . In vitro studies showed that although NS could bind to template independently of L protein, L protein could bind to template only in the presence of NS protein (9) . Therefore, one critical function of NS is to bring the L protein into contact with the template. There are apparently two different types of NS-template interactions. "Footprinting" studies suggest that NS protein can bind to RNA sequences and recognizes a probable promoter region near the 3' end of the genome (10). However, since there are many more NS molecules than possible promoter sites, it is clear that additional template-related functions other than promoter recognition may be performed by the NS protein.
Speculations as to these NS functions include an RNA polymerase packaging function through interaction with N on the template (9), an extension function of uncoiling the helical nucleocapsid (11) , and a displacement function to temporarily shift N protein from the template RNA during transcription (12) . During replication, in addition to serving as a noncatalytic subunit of the polymerase, the NS protein forms complexes with newly synthesized N protein that apparently prevent nonspecific N protein aggregation prior to assembly into nucleocapsids (13) .
In an effort to better define the structural functions of NS protein, we have altered the structure of the protein through molecular cloning techniques and have analyzed the effects of these alterations on the ability of the mutant NS polypeptides to interact with the other two viral proteins involved in RNA synthesis. Both internal and terminal deletions were constructed such that the set of proteins encoded by the deleted genes fractionated the NS protein into six regions. In this communication we present data derived from binding studies which demonstrate that NS protein can be functionally divided into two independent domains that mediate binding to L and N proteins, respectively.
MATERIALS AND METHODS
Plasmid Constructions. pGem4 XB was used for the transcription of the NS mutant genes and the N gene. It is identical to pGem4 (Promega Biotec, Madison, WI) except that we introduced unique Xho I and BssH2 cloning sites between the HindIII and Sph I sites by using synthetic oligonucleotides. The NS gene clones pLH7 and pLH3 were previously isolated and sequenced by Hudson et al. (12) . The complete NS gene insert of pLH7 was used for the construction of the deletion mutants NS3, -4, and -5. The NS inserts of LH7 and the deletion mutant LH3 were inserted into pGem4 XB and were designated pGNS1 and pGNS2, respectively. Details on the construction of pGNS3, -4, and -5 will be described elsewhere. pGN2 contains the complete N gene of VSV Indiana serotype, which was excised from pJS223 (14) with Xho I. Abbreviations: VSV, vesicular stomatitis virus; RNP, ribonucleocapsid.
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Purification of L Protein and Ribonucleocapsid (RNP) Template. L protein, labeled in vivo with [35S]methionine, was purified from the Indiana serotype of VSV exactly as described by Hunt et al. (4) except bovine serum albumin was substituted for hemoglobin. RNP labeled with [3H]leucine was purified exactly as described (4) . Both the L and the RNP preparations functioned in a reconstituted transcription system supplemented with NS protein (15) .
In Vitro Transcription and Translation. Approximately 6 Ag of each plasmid was linearized by digestion at a unique BamHI site (NS constructs) or EcoRI site (N construct). Capped run-off transcripts were synthesized by using the Promega Biotec T7 Riboprobe kit and were purified by basket centrifugation (15) . RNA was translated in a micrococcal nuclease-treated rabbit reticulocyte lysate (Promega Biotec) with the amount of [35S]methionine (specific activity >800 Ci/mmol; 1 Ci = 37 GBq) varied inversely according to the methionine content of the protein.
Immunoprecipitations. Each reaction mixture contained 24
Al. Four microliters of reticulocyte lysate containing the 35S-labeled NS protein was gently mixed with 2 Al of purified L protein or 2 Al of L protein storage buffer, 6 pl of 10 mM
Tris HC1 at pH 8.0 or 6 p1 of diluted template, and 12 ,ul of 16 mM MgCl2 in 0.1 M Tris HC1 at pH 8.0. In assays using the in vitro translated N protein, 2 ,1 of lysate containing NS was mixed with 2 pl of lysate containing N or a control lysate, then the other reagents were added. The final concentrations of reagents were identical to those in transcription reaction mixtures except nucleotides were omitted. All samples were incubated at room temperature for 30 min to allow protein interactions, then 9 pl of anti-L (16) or anti-N1 antibody (17) was added and incubation was continued for 1 hr in an ice bath. The anti-N reaction required a secondary antibody, so 3 p1 of rabbit antiserum to mouse IgG was added and the samples were incubated on ice 45 min more. Immune complexes were collected by addition of 150 ,1 of a 50% solution of staphylococcal protein A-Sepharose (Pharmacia) in cold wash buffer [0.25 M NaCl/10% (vol/vol) glycerol/0.1 M Tris'HCI, pH 8.0/0.2% Triton N-101]. After 1 hr more on ice, 1 ml of ice-cold wash buffer was added and the samples were washed three times by centrifugation in a Microfuge followed by resuspension in 1 ml of cold wash buffer. The final pellet was resuspended in 30 ,ul of 2 x Laemmli tracking buffer (18) with bromophenol blue dye and the proteins were eluted by heating the sample at 100'C for 3 min.
RESULTS
Characterization of NS Clones. To identify regions of NS protein required for binding to L or N protein, we constructed a set of four deletion mutants of the NS gene. Two mutant genes with terminal deletions, two mutant genes with internal in-frame deletions, and the complete wild-type NS gene were inserted into pGem4 XB vectors under the control of the phage T7 promoter ( Fig. 1 ). After linearization of the plasmids by digestion at the unique BamHI site flanking the insert, T7 polymerase was added and run-offtranscripts were synthesized and then translated in a cell-free extract. Analysis of the transcripts on polyacrylamide gels demonstrated that each of the five transcripts migrated at a rate consistent with that predicted on the basis of correct initiation at the T7 promoter site followed by termination at the BamHI site ( Fig.  2 A and C) .
In contrast to the RNAs, the proteins translated from these RNAs did not migrate on polyacrylamide gels as fast as one would predict from their deduced molecular weights (Fig.  2B ). Retardation of mobility is a characteristic of virionderived NS protein (19) . NS1 and authentic NS protein comigrated on gels, and when this characteristic retardation was taken into consideration, the mobilities ofNS1, NS2, and NS4 proteins were as expected ( Fig. 2 B and D) . However, the NS5 protein with a predicted molecular weight of 23,200 almost comigrated with the NS4 protein, which has a predicted molecular weight of 14, 200 (Fig. 2B ). Since NS3 and NS5 both migrated much faster than expected and both constructs contained an internal deletion, it was important to determine that the relatively fast migration of these proteins did not reflect premature termination of translation due to disruption of the correct reading frame. Digestion with the restriction enzymes Hpa II and Sau3aI at the sites of assembly confirmed that the restriction sites and thereby the correct reading frames were restored at the DNA level (data not shown). To demonstrate that translation of each RNA continued to the end ofthe gene, each of the NS polypeptides was incubated with a monoclonal antibody directed against the carboxyl terminus of authentic NS protein (20) . The NS2 and NS4 polypeptides, which were deleted for different lengths of the carboxyl terminus, were not immunoprecipitated by this antibody, although they were precipitated by polyclonal anti-NS-sera. On the other hand, NS1 and both NS3 and NS5 polypeptides were precipitated with the carboxyl-terminus-specific antiserum. Thus, not only did translation continue to the end of the coding region, but the correct reading frame was restored downstream of the deletion (data not shown). Therefore, the unexpected fast migration of NS3 and NS5 polypeptides on polyacrylamide gels must reflect removal of those specific sequences encoded in the deleted regions. Therefore, those sequences deleted from the amino terminus are responsible for the abnormal electrophoretic properties of wild-type NS protein. It is interesting to note that the two internal deletions eliminate many potential phosphorylation sites and in addition remove part of a highly acidic region. Removal of these acidic amino acids decreases the net negative charge of the NS protein by at least 16 Protein. Since we wished to define those regions of NS protein involved in formation of the authentic RNA polymerase molecule, we assayed complex formation in the same solution used for in vitro transcription reactions. We washed the immunoprecipitated complexes with a high concentration of salt, 0.25 M NaCl, which does not dissociate virionm derived, natural transcription complexes. Consequently, only very stable interactions were monitored. To determine whether removal of a region from NS protein affected the interaction of NS with L protein, a coprecipitation assay was developed.
[35S]Methionine-labeled wild-type or mutant NS protein synthesized in vitro was incubated under transcription conditions with transcriptionally competent 35S-labeled L protein purified from virions. The L protein and any strongly associated proteins were immunoprecipitated with antibody directed against the amino terminus of the L protein. Polyacrylamide gel analysis of the immunoprecipitates demonstrated that while the two internally deleted mutant proteins displayed no (NS3) or greatly decreased (NS5) binding to L protein, the two mutant proteins lacking the carboxyl-terminal region of NS protein still formed a stable complex with L protein (Fig. 3 ). Since NS4 protein, which lacks the entire carboxyl half of the NS protein, bound to L almost as efficiently as wild-type NS1 did, only the amino-terminal portion of NS protein is required for polymerase complex formation. Binding to Soluble N Protein or to Ribonucleocapsid Template Requires the Carboxyl Terminus of NS Protein. Coprecipitation of NS proteins by antibody to N protein was demonstrated after incubation of the NS proteins with virionderived nucleocapsids consisting of genomic RNA encapsidated by N protein (Fig. 4) . The wild-type NS1 protein, which bound to L protein, also bound to template, a behavior that is consistent with the role of NS protein in vivo. In contrast, neither NS2 nor NS4 polypeptides were able to bind at all to template even though they had demonstrated excellent interaction with L protein. The NS5 protein, which had displayed poor binding to L protein, bound extremely well to template, while NS3 polypeptide bound very inefficiently, but reproducibly, to template. Inclusion of L protein in the NS protein-template incubation mixtures did not alter the pattern or the amount of binding (data not shown).
The binding of NS protein to template could result from interaction of NS with either N protein or the genomic RNA. To demonstrate that the NS polypeptides could react directly with N protein and to identify the sequences required, we did binding studies substituting soluble N protein for the particulate template. Soluble N protein, which comigrated on polyacrylamide gels with authentic N protein, was prepared by in vitro translation of run-off transcripts of the cloned N gene. In this case, antibody to N protein coprecipitated the in vitro synthesized N protein and the same set of NS polypeptides that was precipitated by anti-N in the presence of template (Fig. 5 ). Since neither NS2 nor NS4 polypeptides demonstrated any binding to either template or soluble N protein, the carboxyl-terminal region of the NS protein deleted in these mutants must be essential for both of these mnes.
interactions. (-) [35S]methionine-labeled L protein in the coprecipitation assay. Antiserum to the amino terminus of L was added and the immunoprecipitates were analyzed by PAGE as in Fig. 2 . Numbers refer to the pGNS plasmid encoding each NS protein. NS3 protein was not detected even after prolonged exposure of the gel.
DISCUSSION
Our intent in constructing internally as well as terminally deleted NS genes was to provide quite different forms of NS protein in order to discriminate between primary sequence and tertiary structure effects. We felt that deletion of internal sequences might provide tertiary structures quite distinct from those generated by progressive terminal deletions. Since a negative binding result could reflect extensive disruption of structure rather than removal of sequences directly involved in complex formation, we also assayed binding to three substrates in order to generate data that were complementary and, therefore, more readily interpretable. For instance, a negative binding result with one substrate was considered more significant if a positive result was obtained with a second substrate.
The recombinant NS protein synthesized in vitro is functional in the binding assay. The NS1 protein was immunoprecipitated with anti-L or anti-N sera, but only after incubation with native L protein or N protein, respectively. Our results from the mutant protein binding assays convincingly demonstrate that the amino-terminal portion of NS is both necessary and sufficient for stable binding to L protein. NS proteins deleted for the conserved carboxyl terminus or even the entire carboxyl half of the molecule still bound efficiently to L protein. The conclusion that the amino (-) purified template (RNP) and complexes were precipitated with antibody to N protein and analyzed as in Fig. 2 . The [3H]leucine label in the template was insufficient to expose the film. After longer exposures, low amounts of NS3 were consistently detected in the (+) but not in the (-) lane. terminus contains the actual L protein binding site is reinforced by the demonstration that deletions within this region eliminate or greatly decrease binding to L protein. This conclusion is in direct contrast to that of Gill et al., who concluded from indirect experiments that the L protein binding site of the NJ serotype NS protein was close to the carboxyl terminus (21) . However, their conclusion was based on the inability of a carboxyl-terminal deletion mutant of NS to bind to template; the binding of L protein was not assayed directly. Our data agree in that deletion of a comparable carboxyl-terminal region of the Ind serotype of NS eliminates binding of NS to template; however, since direct assays show this mutant protein (NS2) still binds perfectly well to L protein the binding region for L protein does not involve the carboxyl terminus.
Structural analyses of the NS protein have indicated that the two halves of the protein are quite distinct. The NS protein is extensively phosphorylated at serine and threonine residues, but although potential phosphorylation sites are scattered throughout the molecule, the major sites actually phosphorylated are clustered in the amino-terminal third (22) . Comparative sequence analysis of the NS proteins of the NJ and Ind serotypes demonstrated extensive sequence homology only among the carboxyl-terminal 21 amino acids (domain II, Fig. 6 ); however, the hydropathic profiles of both NS proteins were similar and emphasized the structural differences between the two halves of the molecules (23) . In addition to the hydrophilic phosphate residues there is an enrichment of highly charged amino acids and paucity of hydrophobic residues at the amino terminus.
Our data demonstrate that the L protein interacts with the highly acidic and phosphate-rich portion of the NS protein, which contains domain I (Fig. 6 ). Although both cellular protein kinases and L protein are reported to phosphorylate NS protein (24, 25) , the importance of phosphorylation to NS function is still open to debate. Both the NS3 and NS5 deletions affect L binding and both eliminate potentially relevant phosphorylation sites. Since the NS4 protein binds L perfectly well while NS5 binds poorly and NS3 binds not at all, it is possible that the region between amino acids 79 and 123 is especially critical for binding to L. If this region does interact intimately with L protein, the serine and threonine residues included would be plausible candidates for the substrates for L kinase activity. Therefore it will be interesting to selectively mutate the potential phosphorylation sites in this region and determine the effect on NS function.
Because N protein apparently interacts with the phosphate backbone ofthe viral RNA (10), it has been suggested that NS protein might mimic RNA and that NS-N interactions involve the highly phosphorylated region within the amino terminus of NS (12) . Contrary to this logic, the complementary binding studies with either RNP or soluble N protein indicate the carboxyl-terminal half of NS protein interacts with N protein. The amino-terminal fragment, NS4, displayed absolutely no binding to N. Deletion of as few as the carboxyl-terminal 38 amino acids, however, abolished NS-N binding, while the much more extensive deletion eliminating acidic residues in the amino-terminal NS5 deletion had no deleterious effect on NS-N binding. Although the last 38 amino acids of NS are necessary for binding to N protein, other sequences within the carboxyl-terminal half are also required, because the NS3 deletion retains these 38 amino acids but binds only poorly to both template and to soluble N protein. The observed sequence conservation of the terminal 21 residues is consistent with their having a very specific and central function. However, we do not yet know whether the conserved amino acids or whether the flanking amino acids simultaneously removed are the ones critical for NS-N binding. It should be noted that NS-RNA interactions were not assayed directly and binding to RNP might occur via interaction with either RNA or N proteins or with both. Since sequences required for promoter recognition might be under considerable mutational constraints, it may be that the conserved NS protein sequences are required for this function.
In vivo, NS-N protein interactions serve at least two functions. In one case, NS protein interaction with the template allows L protein to bind and form a transcriptionally active complex (9) . In the other case, NS complexes with newly synthesized N protein prior to assembly of N into nucleocapsids (13) . Since the NS mutant binding patterns to either template or soluble N protein were identical, it seems probable that the same region of N protein is recognized in both cases. If so, NS inclusion into nucleocapsids could occur concomitantly with N-protein assembly. Further studies are required to determine how the NS-N complexes formed during replication are related to the final structure of the ribonucleocapsid.
In the summary graph ( Fig. 6 ), we have drawn the L and N binding domains of NS protein as overlapping because we have not formally eliminated that possibility. Somewhat surprisingly, the patterns of complex formation we observed were more consistent with binding regions composed of contiguous sequences rather than tertiary structures formed by distant interactions. Any tertiary structures involved must be internal to each domain. Since NS must bind to template in order for L to bind, it seems probable that NS can interact simultaneously with both L and N protein and that the two binding sites are nonoverlapping. Therefore, we propose that NS protein is functionally a bivalent molecule consisting of two independent and physically distinct domains. Our data indicate that NS binding to L is controlled by sequences within the first 123 amino acids at the amino terminus, while binding to N protein involves sequences starting somewhere between amino acids 123 and 176 and continuing to the carboxyl terminus. Thus the two functional domains of NS protein correlate quite well with the structural divisions previously described.
